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Ab initio calculation of carbon clusters. II. Relative stabilities of fullerene
and nonfullerene C24
Wei An, Nan Shao, Satya Bulusu, and X. C. Zenga
Department of Chemistry, University of Nebraska-Lincoln, Lincoln, Nebraska 68588, USA
Received 14 November 2007; accepted 14 December 2007; published online 25 February 2008
Chemical stabilities of six low-energy isomers of C24 derived from global-minimum search are
investigated. The six isomers include one classical fullerene isomer 1 whose cage is composed of
only five- and six-membered rings 5 /6-MRs, three nonclassical fullerene structures whose cages
contain at least one four-membered ring 4-MR, one plate, and one monocyclic ring. Chemical and
electronic properties of the six C24 isomers are calculated based on a density-functional theory
method hybrid PBE1PBE functional and cc-pVTZ basis set. The properties include the
nucleus-independent chemical shifts NICS, singlet-triplet splitting, electron affinity, ionization
potential, and gap between the highest occupied molecular orbital and the lowest unoccupied
molecular orbital HOMO-LUMO gap. The calculation suggests that the neutral isomer 2, a
nonclassical fullerene with two 4-MRs, may be more chemically stable than the classical fullerene
isomer 1. Analyses of molecular orbital NICS show that the incorporations of 4-MRs into the cage
considerably reduce paratropic contributions from HOMO, HOMO-1, and HOMO-2, which are
mainly responsible for the sign change in NICS from positive for isomer 1 42 to negative
−19 for isomer 2, although C24 clusters satisfy neither 4N+2 nor 2N+12 aromaticity rule. Anion
photoelectron spectra of four cage isomers, one plate, one monocyclic ring, and one tadpole isomer,
as well as three bicyclic ring isomers are calculated. The simulated photoelectron spectra of mono-
and bicyclic rings with C1 symmetry appear to match the measured HOMO-LUMO gap between
the first and second band in the experimental spectra S. Yang et al., Chem. Phys. Lett. 144, 431
1988. Nevertheless, the nonclassical fullerene isomers 3 and 4 apparently also match the
measured vertical detachment energy 2.90 eV reasonably well. These results suggest possible
coexistence of nonclassical fullerene isomers with the mono- and bicyclic ring isomers of C24
− under
the experimental conditions. © 2008 American Institute of Physics. DOI: 10.1063/1.2831917
I. INTRODUCTION
Classical fullerenes Cn are spherelike polyhedra incorpo-
rating exactly 12 pentagons and n /2–10 of hexagons.1,2 A
unique feature of these cage molecules is their transforma-
tion from normal carbon sp2 trivalent bonds into a spherical
framework via distortion while still remaining stable. The
pentagons are needed for geometrical closure, whereas the
hexagons are for maximizing the -delocalization energy of
these unsaturated molecules.3 The stability of carbon
fullerene stems from both geometric and electronic bonding
factors. The empirical isolated-pentagon rule4–6 IPR
states that fullerenes with more isolated nonadjoining pen-
tagons are energetically more favorable. The IPR implicates
that framework with only five- and six-membered rings
5 /6-MRs is likely to occur spontaneously and to survive
the simultaneous coalescence without losing individual iden-
tity. The IPR can explain the high stability of C60 fullerene
structure whose 12 pentagons are completely surrounded by
hexagons, as well as predict successfully the stable fullerenes
with “magic number” n=32, 36, 50, 60, 70, 76, 78, and
84.3–13 The IPR can be theoretically rationalized on both
steric and -electronic grounds. Fullerenes with three-, four-,
and seven-membered rings 3-, 4-, and 7-MRs are reason-
ably ruled out due to extra local steric strain and loss of
-delocalization. However, few theoretical studies have
shown that nonclassical fullerenes, especially those contain-
ing 4-MRs, can compete with classical fullerenes in chemical
stabilities.14–21 We note that a nonclassical fullerene C62 con-
taining a 4-MR has been synthesized and detected
experimentally.21
There have been increasing research interests in small to
medium-sized n=20–36 carbon clusters since the discov-
ery of the C60.7–13,17,22–31 In our previous paper Paper I26,
we studied relative stabilities of various isomers of carbon
cluster C20 using high-level ab initio methods. In that study,
the bowl-shaped “fullerene fragment” corannulene was theo-
retically identified as the ground-state isomer of C20, which
has a lower energy than the only classical fullerene isomer
of C20. Indeed, the bowl-shaped isomer of C20 has been ex-
perimentally detected in photoelectron spectroscopy PES
experiment.8,13 The experiment provides a supporting evi-
dence for the growth mechanism32–37 of the so-called “pen-
tagon road”32 by which the formation of fullerenes from
small carbon fragment can be realized via incorporation of
pentagons through annealing 1473 K, consistent with the
IPR. This growth mechanism can explain the high yield of
C60 production.1,2 However, the so-called “fullerene road”33aElectronic mail: xczeng@phase2.unl.edu.
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can also explain fullerene formation via ring→ fullerene
isomerization during the collisional heating 3740 K pro-
cess. In fact, small-sized carbon rings become more stable
than the fullerene cage structures as the temperature is
increased26 and are commonly observed under the experi-
mental condition.28–31 Recently, a “shrinking hot giant road”
which describes the self-assembled fullerene formation from
chaotic hot carbon radicals under nonequilibrium conditions
is proposed based on quantum mechanical molecular dynam-
ics simulations within non-self-consisitent charge density
functional tight binding approximation.37
Starting from C24, previous theoretical calculations sug-
gest that the classical fullerene cage is most likely the
ground-state structure.17,22–25 An intermediate carbon phase,
“cubic graphite” which has a simple cubic lattice formed by
C24 fullerene molecules and copolymerized by the square
faces, has been characterized.38 For its survival, an as-made
fullerene should have certain degree of chemical stability
with which the activation energy barrier for further chemical
bonding with other identical or different-sized carbon clus-
ters must be high enough to prevent fullerene from closure
breaking. Accordingly, the intracluster covalent bonding
must be strong enough or at least stronger than the cluster-
cluster interaction. As for fullerenes containing four-
membered rings 4-MRs, the stress induced by large curva-
ture may be better released in C24 than in larger nonclassical
fullerenes such as C40,14,15 C52,20 and C62,21 so that
nonclassical fullerene isomers of C24 can be energetically
competitive.
In this paper Paper II in this series, we report ab initio
study of the relative chemical stabilities of six low-energy
fullerene isomers of C24 and C24
−
. The identification of the
candidate cage isomers was based on an extensive search for
the low-lying C24 clusters using a global optimization tech-
nique coupled with the density-functional theory DFT
method.
II. COMPUTATIONAL DETAILS
We performed a global search for the low-lying isomers
of C24 using the basin-hopping BH method39 combined
with DFT geometric optimization which is implemented in
the Car-Parrinello molecular dynamics CPMD program40
and DMOL3 package.41 Details of the basin-hopping method
has been described elsewhere.42 The Perdew-Burke-
Ernzerhof PBE exchange and correlation functional was
selected for the DFT calculation.43 We obtained more than
100 neutral isomers of C24, including both cage isomers and
noncage isomers. Among them, the four lowest-lying iso-
mers of C24 have cage structures.
We then carried out further geometry optimization for
the four lowest-lying cage isomers and their anion C24
− iso-
mers using a hybrid exchange-correlation functional
PBE1PBE Ref. 43 and a large cc-pVTZ basis set44 Dun-
ning’s correlation consistent polarized valence triple zeta,
contracted 4s3p plus polarization set 2d1f, implemented
in the GAUSSIAN03 software package.45 Harmonic vibrational
frequencies were also calculated to confirm that the opti-
mized structures were local minima on the potential energy
surface. We also computed several chemical/physical indices
for characterizing their stabilities using the PBE1PBE/
cc-pVTZ level, including the singlet-triplet splitting EST,
electron affinity EA, ionization potential IP, Gibbs free
energy 0.5–3000 K, and nuclear independent chemical
shift NICS.46–52
For NICS analysis, we used the gauge-independent
atomic orbital GIAO method53,54 to evaluate natural local-
ized molecular orbital NLMO contributions, and the ca-
nonical molecular orbital CMO method implemented in
the NBO 5.0 program55,56 to evaluate canonical MO contribu-
tions. The NICS analysis is useful to investigate the differ-
ence in aromaticity between the classical and nonclassical
fullerene isomers.
III. RESULTS AND DISCUSSION
Using the BH/DFT method as a screening tool, we col-
lected more than 100 isomers of C24. Both BH-DMOL and
BH-CPMD searches were performed. Structures of these iso-
mers have either cage or noncage structures. We found that
in the BH search, small-sized carbon clusters such as C24
have a tendency to open the cage and form multi-rings,
which are also local minima. While the BH-DMOL search
tends to generate noncage isomers, the BH-CPMD search
tends to generate cagelike structures. Thus, the two ap-
proaches complement to each other in generating candidate
isomers. Note that to enhance the speed of computation, we
used a relatively smaller energy cutoff 25 Ry for the BH-
CPMD search and a smaller global-orbital-cutoff radius
4.0 Å for the BH-DMOL search.
The energy rankings calculated using DMOL3 for the
top 30 low-energy isomers are given in Table I. We then used
the PBE1PBE/cc-pVTZ method to reoptimize the top ten
low-lying isomers, from which we identified four lowest-
lying cage isomers i.e., 1–4. For the purpose of compari-
son, we also included two noncage isomers, 5 and 6. Here, 5
is a plate isomer and 6 is a monocyclic-ring isomer.
A. Geometries
Structures of eleven C24 isomers are displayed in Fig. 1,
where the bond types are solely determined by bond lengths.
Isomers 1, 5, and 6 can be viewed as three prevailing struc-
tures, similar to the fullerene cage, bowl, and monocyclic-
ring isomers of C20 Paper I26. The three structural topolo-
gies are common to all small-sized carbon clusters. Cage
isomers 2–4 and 7–11 are nonclassical fullerenes because of
the inclusion of 4-MRs. Compared to 1, isomers 7 0.39 eV,
8 0.46 eV, 9 0.51 eV, and two other cage isomers with
high symmetry, 10 1.32 eV, Oh and 11 5.19 eV, D2h,
have notably higher energies. The fullerenes containing
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4-MRs satisfy s+ p+h=n /2+2 and 2s+ p=12 rule,14 where n
denotes the number of carbon atoms, and s, p, and h denote
the number of tetragons, pentagons, and hexagons, respec-
tively. D6d is the highest symmetry for 1 but its actual sym-
metry is lower22,23 due to the first-order Jahn–Teller distor-
tion. Isomer 6 has the highest possible symmetry D24h but
reduced to D12h or C12h depending on numerical tolerance
symmetry in geometry optimization.23 Summarizing, the
symmetry of optimized isomers 1, 5, and 6 is C2, D6h, and
D12h, respectively.
Unlike the nonclassical fullerene C62 whose 4-MR is en-
tirely surrounded by four hexagons, isomer 2 has two 4-MRs
surrounded by two alternating hexagons and pentagons, sug-
gesting that hexagons in 2 tend to be adjacent to 4-MRs.
TABLE I. Top 30 low-lying isomers of C24 in DMOL3 energy ranking. The geometries are optimized using
DMOL3 without symmetry constraint. Energies are in units of eV. The four-member rings 4-MRs and three-
member ring are highlighted in dark grey.
aIn DMOL3 calculations, PBE functional was used with the DND basis set and a global orbital cutoff radius of
4.0 Å.
bSymmetry obtained within a numerical tolerance of 0.1 Å in bond length.
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Compared to the classical fullerene 1, the incorporation of
two 4-MRs in 2 leads to a gain of two 6-MRs and a loss of
four 5-MRs.
Covalent bonds with characters of single, one-and-half,
double, and triple bonds are identified in 5, with double and
triple bonds in 6, and single, one-and-half, double bonds in
1–4 see Fig. 1. Partially resonance configurations are ex-
pected in these C24 isomers for stability reasons. Some simi-
larities between the classical and nonclassical fullerene iso-
mers can be seen concerning the bond lengths and types.
B. Chemical stabilities
Aromaticity is an important indicator of chemical stabil-
ity for a polycyclic -electron system. Aromatic molecules
are chemically more stable than those less aromatic or anti-
aromatic molecules because resonance configurations with
delocalized  electrons are expected to give rise to addi-
tional stabilization cyclic delocalization in aromatic struc-
tures besides the stabilization by conjugation alone. Two-
dimensional 2D monocyclic aromaticity has been well
correlated with the Hückel 4N+2 -electron rule. The Hir-
sch’s 2N+12 -electron rule has also been proposed for
three-dimensional 3D spherical/cylindrical aromaticity.46,48
Aromatic molecules can sustain diatropic ring currents which
bring strong nuclear magnetic shielding effects57–60 mani-
fested by diamagnetic susceptibility enhancement. For prob-
ing aromaticity, NICSs Ref. 47 have been widely accepted
as a reliable indicator.46–52 The NICS is measured as mag-
netic shielding at positions with little electron density in a
molecule. In general, aromaticity and antiaromaticity are
characterized by negative diamagnetic and positive para-
magnetic NICS values, respectively. Larger negative NICS
values represent stronger aromaticity.46–48,59,50–52 For ex-
ample, the NICS value for D6h planar benzene satisfying
4N+2 rule with N=1 is −9.7.47 C60
10+ fullerene satisfying
the 2N+12 rule with N=4 exhibits a larger negative NICS
value −78 than that −2 of C60 fullerene unsatisfying the
2N+12 rule.61 The NICS value can be dependent on the
level of theory, as shown by NICS of C60.47 It appears that
the NICS value is a better aromaticity indicator when com-
paring molecules with similar topology.
The NICS values can be used to correlate with measured
NMR chemical shifts of endohedral atoms. For example,
NICS versus 3He NMR endohedral chemical shift for
3He@C60, 3He@C60
6−
, and 3He@C70 are −8.5 versus
−6.4 ppm, −64.4 versus −49.3 ppm, and −9.3 versus
−28.8 ppm, respectively.52,62–65 Exceptions, however, often
occur as noted above by examples of C60
6− and C70 which do
not satisfy the 2N+12 rule.
The NICS values of the six low-lying C24 isomers were
calculated using GIAO method Table II. Isomers 2–4 have
negative NICS values of −19, −14, and −9, respectively,
measured at the center of each isomer. In contrast, the clas-
sical fullerene isomer 1 has a positive NICS value 42. The
NICS in the cage structures is attributed to the balance be-
tween dia- and paratropic ring currents localized in the indi-
vidual 6-MR diatropic and 4- or 5-MR
paratropic,47,52,57–60 and the current gives rise to negative
and positive NICS, respectively. The structural changes aris-
ing from incorporation of the 4-MRs into a fullerene cage
can affect the weight of dia- and paratropic contributions
Table III.
The plate isomer 5, which is a fragment of graphene
sheet, comprises seven 6-MRs. The seven 6-MRs are ex-
pected to give more diatropic contributions than a single
hexagon. However, isomer 5 is actually less aromatic NICS:
−2 than a single hexagon NICS: −39 as indicated by their
NICS values. These results show that the NICS for 2D poly-
cyclic molecules is not simply a sum of diatropical and para-
tropical contributions from monocyclic ring. It should be
noted that since  electrons of C24 satisfy neither the 4N
+2 nor 2N+12 aromaticity rule, and the cluster itself is
expected to exhibit antiaromaticity, evidently in isomers 1
and 6 NICS: 19 as both have positive NICS values. To
some extent, isomer 5 may also exhibit antiaromaticity be-
cause of its small negative NICS value. However, nonclassi-
cal fullerenes 2–4 all exhibit large negative NICS values,
significantly deviating from the antiaromaticity behavior.
To further study geometric effect on NICS, we calcu-
lated NICS for monocyclic carbon rings Cn 6n22 and
FIG. 1. Color online Optimized structures of six low-lying C24 isomers.
Isomer 1 is a classical fullerene C2; 2 a nonclassical fullerene containing
two 4-MRs C2; 3 a nonclassical fullerene containing one 4-MR Cs; 4 a
nonclassical fullerene containing two 4-MRs Cs; 5 a plate D6h; and 6 a
monocyclic ring C4h. Five higher-energy nonclassical fullerene isomers
7–11 are also displayed. The four-membered rings 4-MRs were high-
lighted in blue. The figure was prepared using GAUSSVIEW 3.0 program
Ref. 45.
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benzene using the PBE1PBE/cc-pVTZ level of theory Table
IV. We found that C6 hexagon and benzene shows a large
difference in NICS, i.e. −39 versus −8 ppm, although both
molecules have the same number of  electrons and both
satisfy the 4N+2 rule with N=1. Apparently, the larger nega-
tive NICS for the C6 hexagon is attributed to unconstrained
dangling bonds  electrons, leading to certain -aromatic
characteristics in the C6 hexagon. To summarize, as far as the
NICS value of a molecule is concerned, contributions from
local circulations of electrons in -bonds, in lone pairs, and
even in atom cores should not be ignored.48,49 These non-
-electron contributions to NICS can explain anomalous
trend in NICS, which disobeys the Hückel and Hirsch’s
rules.
The C10 N=2, C18 N=4, and C22 N=5 monocyclic
rings with 4N+2  electrons yield nearly the same negative
NICS values −42, −43, and −43, respectively, indicating
that magnetic shielding at the center of C4N+2 monocyclic
ring remain invariant with increasing N 1N5, in con-
trast to 4N+2 -electron C4N+2H4N+2 annulenes.47 Moreover,
bond-length and bond-angle variations were not seen within
these C4N+2 rings 1N5, consistent with the fact that
highly aromatic systems with closed-shell annulenelike
structures tend to retain the highest possible Dnh symmetry.
Still, C22 N=5 with D22h symmetry measured with high
numerical tolerance, see Table IV appears to be a transition
state −816.2i cm−1, suggesting that the Jahn–Teller effect
becomes increasingly important for C4N+2 rings with N5.66
Moreover, positive NICS values are obtained for C4N mono-
cyclic rings, such as NICS=26 for C20 N=5 and 19 for C24
N=6. In these C4N rings, bond variations can arise from
both antiaromaticity and Jahn–Teller effect Table IV.
Although NICS at cage center may not always correlate
with the aromaticity,48 a negative NICS value still represents
diatropicity at the cage center, a manifestation of overall dia-
magnetic currents circulating around the fullerene cages.57–60
Because negative positive NICS value often correlates with
large small highest occupied molecular orbital–lowest un-
occupied molecular orbital HOMO-LUMO gap Table II,
endohedral NICS may be used as an indicator for analyzing
relative chemical stability of fullerenes. To gain more insight
into the diatropicity of nonclassical fullerene and paratropic-
ity of classical fullerene, we undertook a more detailed
analyses of individual MO-NICS method is given in Refs.
49–51 for 1 and 2 using both GIAO and CMO methods
Table III. The incorporations of 4-MRs into the cage con-
siderably reduce paratropic contributions from HOMO,
HOMO-1, and HOMO-2, which are mainly responsible for
the sign change in NICS from positive for isomer 1 to nega-
tive for isomer 2. The NICS is primarily contributed by the
-electrons as validated by 4N+2 and 2N+12 rules. A 3D
-electron system such as fullerene may be also viewed as a
spherical electron gas surrounding the surface of a sphere.46
As such, the -framework of the fullerene cage should be
taken into account, as shown by the MO-NICS analyses.
The energy splitting EST between the singlet and trip-
let states at their corresponding optimized geometry is an-
other index for analyzing chemical stabilities.21 The third
index is the HOMO-LUMO gap Egap. A fullerene with a
large Egap and IP tends to exhibit low chemical reactivity. For
example, fullerene C60 is known to be very stable since it has
a large Egap of 1.570.03 eV Ref. 67 and IP of
7.540.04 eV Ref. 68. Isomer 2 has the largest EST,
Egap, and IP among the four cage isomers Table II. The
large values of EST and Egap of isomer 2 correlate well with
its relatively smaller electron affinity EA and larger IP
compared to cage isomers 1, 3, and 4. The EA value of the
monocyclic ring 6 may be overestimated by DFT.26
Finally, the total-energy calculation at the PBE1PBE/cc-
pVTZ and MP2/cc-pVTZ//PBE1PBE/cc-pVTZ levels of
TABLE II. Point-group symmetry, relative energies E, singlet-triplet splitting EST, electron affinity EA,
ionization potential IP, HOMO-LUMO gap Egap, GIAO-NICS, HOMO/LUMO configuration, and electronic
state of neutral C24 isomers at singlet state. Relative energies E and vertical detachment energies VDE for
anions are also included. Energies and HOMO-LUMO gaps are in units of eV and NICS in ppm.
Isomer 1 2 3 4 5 6
Symmetrya C2 C2 Cs Cs D6h D12h
E 0.00 −0.11 0.10 0.07 0.32 2.52
EZPE
b 0.00 −0.08 0.09 0.09 0.08 1.95
EMP2
c 0.00 −0.40 0.11 −0.18 −0.06 ¯
EST 0.10 0.92 0.30 0.40 2.63 0.96
IP 7.37 7.70 7.37 7.35 8.19 7.27
Egap 2.08 2.83 2.23 2.53 3.94 2.26
NICS 42 −19 −14 −9 −2 19
HOMO/LUMO B2 / B0 B2 /B0 A2 / A0 A2 / A0 E2u4 / A2g0 Ag2 / Au0
Electronic State 1A 1A 1A 1A 1A1G 1AG
Eanion
d 0.00 0.44 0.14 0.42 1.29 2.29
VDEanion 3.43 2.53 2.83 2.81 1.97 3.20
EA 3.00 2.45 2.67 2.63 1.89 3.19
aSymmetry obtained within a numerical tolerance of 0.001 Å and based on geometries optimized at PBE1PBE/
cc-pVTZ level.
bRelative energies including zero-point energy ZPE corrections calculated at the PBE1PBE/cc-pVTZ level.
cCalculated at the MP2/cc-pVTZ//PBE1PBE/cc-pVTZ level.
dCalculated at the PBE1PBE/cc-pVTZ level.
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theory suggests that isomer 2 has the lowest energy, 0.11 
0.08 eV if including zero-point energy correction and
0.40 eV lower in energy than isomer 1, respectively. Al-
though high-level ab initio methods, e.g., coupled-cluster
calculation with a large basis set e.g., cc-pVTZ, are re-
quired to determine the true global minimum of C24, it is still
reasonable to conclude that nonclassical fullerene with
4-MRs can be energetically competitive compared to the
classical fullerene, at the least for C24.
C. Anion photoelectron spectroscopy
Anion PES is a valuable tool to measure electronic prop-
erties of clusters. Distinct spectral features can be useful as
an electronic fingerprint to distinguish isomer’s identity. The
experimental photoelectron spectra of carbon clusters Cn
− in
the size of n=2–29 and 44, 60, and 70 have been
reported.8,13,28,30,67,68 However, determination of the Cn
−
structures based on the measured PES spectra is a challeng-
ing task especially for small-sized Cn
− clusters. This is largely
TABLE III. Comparison of NBO-NLMO-NICS GIAO and NBO-CMO-NICS CMO between isomers 1 and 2. The calculation was performed at the
PBE1PBE/cc-pVTZ level of theory. The paratropical contributions are highlighted in boldface.
NLMO
label
Isomer 1
MO-NICSa
NLMO
label
Isomer 2
MO-NICS
CMO
label
Isomer 1
MO-NICSa
CMO
label
Isomer 2
MO-NICS
2B −1.79 1A −1.05 25A −7.55 25A −7.35
3(A) 9.35 6B −1.17 26B −7.15 26B −6.75
5B −1.80 7(B) 1.45 27B −7.14 27B −6.97
6(A) 8.88 12A −1.17 28A −6.84 28A −6.84
10B −1.79 13(B) 1.45 29A −6.57 29A −6.35
11(A) 9.22 15B −1.49 30A −6.55 30A −6.03
15B −1.80 16A −1.51 31B −5.83 31B −5.75
16(A) 8.63 18A −1.20 32B −5.81 32A −5.80
20A −1.79 19B −1.22 33A −5.60 33B −6.03
21(A) 9.12 22A −1.54 34B −4.22 34B −4.35
25A −1.79 24A −1.04 35B −2.65 35A −3.51
26(B) 8.70 26B −1.27 36B −2.13 36B −3.94
31B −1.47 27B −1.54 37B −4.57 37B −3.94
32B −1.54 31B −1.22 38A −5.36 38A −2.52
33(A) 3.34 33B −1.20 39A −5.37 39B −6.44
34B −1.53 34B −1.51 40A −7.47 40A −4.98
35(B) 2.28 39B −1.04 41A −1.92 41A −3.87
38(A) 2.90 41(A) 3.22 42A −1.90 42B −2.87
39A −1.48 43A −1.05 43A −1.01 43A −1.01
40A −1.53 48(B) 3.22 45B −3.20 44B −1.05
41(A) 2.75 Sum −19.21 46B −3.00 45A −2.77
42A −1.46 47B −1.71 46A −1.41
43A −1.49 48B −1.69 47A −7.45
44A −1.52 49A −7.44 48B −1.04
45(B) 1.94 50A −2.81 50B −1.39
46B −1.47 51B −1.97 52(B) 1.88
47B −1.53 52B −2.16 53(A) 2.95
48(B) 3.66 53(B) 6.81 54B −2.28
Sum 41.99 54(B) 6.86 55B −3.15
57A −5.46 56(A) 6.13
58(A) 9.35 57A −2.67
59(A) 9.31 58(B) 3.59
60(B) 9.73 59(A) 7.69
61(B) 9.67 60(B) 7.41
62(A) 8.59 61(A) 8.55
63(A) 8.52 62(A) 11.77
64(A) 14.11 63A −1.16
65A −2.51 64(B) 9.00
66A −2.57 65(A) 11.55
67B −1.95 70(B) 10.60
68B −1.94 71(A) 21.88
70(B) 54.59 72(B) 13.19
71(B) 27.70 Sum −19.21
72(B) 27.93
Sum 41.99
aOnly MO-NICS1.00 ppm are listed.
084301-6 An et al. J. Chem. Phys. 128, 084301 2008
because coexistence of several low-lying isomers renders
producing a sole ground-state structure impossible under ex-
perimental conditions.
For C24
−
, mono- and bicyclic ring structures were previ-
ously identified to interpret the measured PES features.28,30 A
tadpole structure a monocyclic ring attached by a small lin-
ear chain was also assigned according to high-resolution
ion-mobility measurement.69 We calculated the simulated
photoelectron spectra Figs. 2 and 3 of the six C24
− isomers
1–6, as well as that of a tadpole the most stable tadpole
structure suggested in Ref. 69 and three typical bicyclic-ring
structures, considering the binding energy up to 6.5 eV. The
simulated photoelectron spectra are based on ground-state
transition in which electrons are photodetached from doublet
state of anion to ground state of neutral without geometry
relaxation Franck–Condon effect. Only optimized geom-
etries of C24
− were used in calculating vertical detachment
energies. In experimental PES, the adiabatic detachment en-
ergy ADE and vertical detachment energy VDE corre-
sponds to the onset and the maximum position of the first
peak in the spectra, respectively. The separation between the
first and second peaks is related to HOMO-LUMO gap Egap
of the neutral. Accordingly, the position of ADE can be ap-
proximated as EA for the neutral counterpart, which is theo-
retically defined as EA=EZPE
neutral optimized neutral geometry
−EZPE
anion optimized anion geometry.70 Calculated EAs are
collected in Table II. The calculated EAs for neutral C24
isomers are consistent with the anion spectral features.
The simulated PES spectra of 1–4 exhibit certain simi-
larities due to geometry similarities in these clusters. The
simulated PES for mono- and bicyclic rings with C1 sym-
metry exhibit a large HOMO-LUMO gap of 1 eV see
Fig. 2a isomer 6 and Fig. 3 C1 isomer, which matches
the measured gap quite well for comparison, experimental
PES spectra28 are plotted in Fig. 2b. However, the calcu-
lated VDEs of isomer 3 2.83 eV and 4 2.81 eV also
match the experimental VDE 2.9 eV very well, even better
than the VDEs 3.20 eV for 6 and 3.10 eV for the bicyclic
ring with C1 symmetry of ringlike structures. Moreover, the
first and second bands in experimental spectra Fig. 2b28,71
are very broad, suggesting existence of multiple isomers
other than the mono- and bicyclic ring isomers see Fig. 3.
We conclude that the cage isomers 3 and 4 are two possible
candidates to be coexistent with the mono- and bicyclic ring
isomers in the cluster beam.
It is also worthy to mention that a recent PES
measurement13 of C20 fullerene has been reported. Here, we
replot the simulated anion PES spectrum for C20 fullerene
TABLE IV. Geometry and GIAO-NICS for monocyclic-ring structures of C4N+2 and C4N.
4N+2  system 4N  system
Ring size Benzene C6 C10 C18 C22 C20 C24
N 1 1 2 4 5 5 6
Symmetrya D6h D6h D10h D18h D22hb D10hb D12h
Bond length 1.388 1.299 1.281 1.276 1.275 1.341 1.226
Å 1.225 1.337
Bond angle deg 120.0 120.0 144.0 160.0 163.7 162.0 165.0
NICS ppm −8 −39 −42 −43 −43 26 19
aSymmetry obtained with a numerical tolerance of 0.001 Å.
bSymmetry obtained with a numerical tolerance of 0.05 Å.
FIG. 2. Color online a Simulated anion photoelec-
tron spectra for the six low-lying C24− isomers. The
spectra were constructed by fitting each of the vertical
detachment transitions with a gaussian broadening of
0.05 eV. b A plot of measured PES spectrum origi-
nally reported in Ref. 28 of C24− . c Simulated anion
photoelectron spectrum of C20− fullerene isomer for
comparison with measured PES spectrum Ref. 13.
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Fig. 2c. We find both calculated VDE 2.48 eV and
simulated spectral features agree quite well with the mea-
sured spectra, suggesting that the method we used to calcu-
late PES spectra is reasonable, at least for small-sized carbon
cluster.
D. Thermal Stabilities
Figure 4 shows that the 2D anion isomers 5 and 6 are
increasingly stable than the cage structures 1–4 as the tem-
perature is increased, a manifestation of strong entropy effect
at elevated temperatures. Beyond 700 K, the monocyclic
ring isomer becomes the most stable isomer. This explains
why the ringlike structures are the most populated isomers of
C24
− under the PES experimental conditions.28,30,71 At el-
evated temperatures, cage isomer 1 is more stable than 2–4
Fig. 4. However, as shown in Fig. 2a isomer 1, the VDE
of anion isomer 1 3.43 eV does not match the measured
VDE 2.9 eV, see Fig. 2b well. Hence, one may rule out
the existence of classical fullerene 1 under the experimental
conditions.
IV. CONCLUSIONS
Incorporation of 4-MRs into a fullerene cage can over-
come certain pentagon-adjacency penalty. As a result, some
nonclassical fullerenes can be energetically as competitive as
their classical fullerene counterpart. Structural changes due
to the 4-MR insertion can affect both chemical and electronic
properties of C24 clusters. Calculations of NICS, singlet-
triplet splitting, IP, and HOMO-LUMO gap at DFT level all
indicate that the neutral isomer 2 of C24, a nonclassical
fullerene containing two 4-MRs, is superior in chemical sta-
bility to the classical fullerene isomer 1. Although C24 satis-
fies neither the 4N+2 nor 2N+12 aromaticity rule, negative
NICS values are found for all three nonclassical fullerene
isomers 2–4. The negative NICS values are mainly attributed
to the reduction of paratropic contributions from HOMO,
HOMO-1, and HOMO-2, as shown from the MO-NICS
analysis for 1 and 2. It appears that relative stabilities of cage
isomers are dependent on a subtle competition between the
steric -strain and electronic -bonding delocalization
effects.
Finally, the simulated PES spectra for various C24
− iso-
mers display distinct spectral features. Among them, non-
classical fullerene isomers 3 and 4 match the measured VDE
reasonably well, whereas the mono- and bicyclic rings match
the measured HOMO-LUMO gap very well. Because the
first and second bands in experimental spectra are very
broad,28,30,71 it is likely that there exist multiple isomers in
addition to the mono- and bicyclic ring isomers in the cluster
beam. Our results suggest that 3 and 4 are two conceivable
cage isomers coexisting with the mono- and bicyclic ring
isomers in the cluster beam under the PES experimental
conditions.
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